Creative Commons Attribution-Noncommercial-Share Alike Here we report, for the first time, the integration of a metallocene polymer, polyvinylferrocene (PVF), with carbon nanotubes (CNTs) via a simple solution process for supercapacitor applications. The solution processability of the PVF/CNT hybrid is due to the high solubilities of PVF in organic solvents and the unique ability of the metallocene/carbon system to form stable heterogeneous inks through the π-π stacking interactions between the two components. The nanostructure and electrochemical properties of the hybrid can be manipulated systematically by adjusting the composition of the heterogeneous ink. The hybrid with the optimized composition exhibits unusually high capacitance (1452 F/g) and energy density (128.9 Wh/kg) obtained in a standard two-electrode configuration, outperforming previously reported pseudocapacitive materials.
oxides and conducting polymers have been investigated widely as supercapacitor electrode materials. Many emerging high-performance supercapacitor devices benefit from the integration of these different capacitive materials to exploit their synergies for enhanced capacitance and energy density. Meanwhile, solution processing is low-cost, high-throughput, and readily scalable.
It is the preferred fabrication method for many devices such as solar cells, transistors, batteries and single-component supercapacitors, but is very difficult to use for the integration of either metal oxides or conducting polymers with other capacitive materials such as carbon nanotubes.
Instead, the common integration methods rely for the most part on electrochemical deposition processes, which are time-consuming, low-throughput and difficult to scale up. In this study we have developed a metallocene/carbon hybrid system amenable to solution processing, with control of the nanostructure and electrocapacitive performance of the hybrid materials realized through manipulation of the ink composition. The optimized hybrid system, as determined by its composition, consists of a highly porous nanoscale architecture in which a three-dimensional conductive carbon nanotube network with interconnected nanopores is coated conformally by the
Introduction
Supercapacitors have attracted widespread attention as promising energy storage devices due to their high capacitance, long cycle life, fast response time, and exceptional reversibility and reliability. 1, 2 These advantages allow supercapacitors to meet the challenge of delivering high currents in heavy-duty systems such as hybrid electric vehicles and large industrial equipment. 3 The large specific capacitance of supercapacitors results from two charge-storage mechanisms that occur at the electrode/electrolyte interface: double-layer capacitance, which is a non-Faradic process, and redox-based pseudocapacitance, which is a Faradic process. These two mechanisms can work separately or together. Carbon-based materials are well-known examples of doublelayer capacitive materials, 1, 2, 4 while conducting polymers and metal oxides have been studied extensively as pseudo-capacitive materials. 1, 2, 5 Recently, heterogeneous nanostructured materials have emerged as promising systems for electrochemical energy storage, due to the combined benefits of reduced inherent structure size of the bulk materials (e.g., enhanced specific surface area and reduced ion diffusion length) and synergy of the properties of the individual components (e.g., improved electron transport efficiency and mechanical stability). 6, 7 Hybrid nanostructures have been created by controlled assembly of different capacitive materials, such as conducting polymer/carbon, [8] [9] [10] [11] [12] [13] [14] conducting polymer/metal oxide, 15 metal oxide/carbon, [16] [17] [18] metal oxide/metal oxide, 19 and metal oxide/metal, [20] [21] [22] and have been reported to exhibit extremely high capacitances as well as improved energy and power densities. When constructing these heterogeneous systems, the ability to manipulate their composition and nanoscale architecture, and to assemble the individual components in a way that does not impair their respective advantageous features (e.g., preservation of intrinsically high conductivity of the conducting component), plays a key role in the optimization of their electrocapacitive performance. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Low-cost, high-throughput, and readily scalable solution processes have been exploited to deposit various nanomaterials on appropriate substrates for large-scale applications, including solar cells, 23, 24 thin-film transistors, [25] [26] [27] lithium-ion batteries, 28, 29 and single-component supercapacitor devices. 29, 30 However, it is very difficult to employ solution processes to construct heterogeneous nanomaterials based on well-studied pseudo-capacitive materials (i.e., metal oxides and conducting polymers), especially those with controlled morphology and electrocapacitive properties. [5] [6] [7] This is due to the poor solubilities of metal oxides and conducting polymers in most solvents, and lack of strong interactions between these pseudo-capacitive materials and other components, such as carbon nanotubes (CNTs) and graphene. 31, 32 Thus, in general, different capacitive materials cannot form stable complexes in solvents, and it is difficult to generate well-dispersed, high-quality heterogeneous "inks" for solution processing. The common techniques for integrating conducting polymers [8] [9] [10] [11] [12] [13] 15 or metal oxides 15, [17] [18] [19] [20] [21] [22] with other components rely heavily on electrochemical deposition or co-deposition of their precursors (i.e., solublized monomers or metal ions, respectively). These methods use electrochemical synthesis conditions to manipulate the nanostructures and thus electrocapacitive properties of the resulting heterogeneous materials. As such, these strategies require the use of complicated electrochemical set-ups and sometimes multi-step post-processing such as template removal, 15 and thus can be time-consuming, of low-throughput, and difficult to scale up.
Here we show that a metallocene-containing polymer, polyvinylferrocene (PVF), can be integrated with pristine carbon nanotubes via a simple, rapid, scalable, solution-based process.
The nanoscale architecture and electrochemical properties of the resulting PVF/CNT hybrid can be manipulated easily and systematically by adjusting the composition of the precursor ink. The hybrid with an optimized composition exhibits a highly porous nanostructure, It consists of a three-dimensional conductive CNT framework with interconnected nanopores, coated conformally by the energy-dense redox-active metallocene polymer. This unique structure facilitates electronic/ionic transport and enhances metallocene utilization efficiency. Therefore this hybrid shows significantly improved energy storage properties compared to those of the individual components alone. A standard two-electrode supercapacitor cell constructed with this hybrid exhibits a specific capacitance of 1452 F/g and an energy density of 128.9 Wh/kg; the two values are significantly higher than those of previously-reported pseudocapacitive materials (Supporting Information Table S2 ).
The solution processability of the PVF/CNT system is due to its unique ability to form stable, The metallocene/carbon system also enjoys a number of other advantages for supercapacitor fabrication. Firstly, in contrast to chemical modification, the noncovalent assembly method maintains the sp 2 -conjugated surfaces of nanocarbons, which play a key role in facilitating electron transport in the hybrid systems. Secondly, the fabrication of the hybrid system employs a process that is binder-free, surfactant-free, and substrate-independent. Therefore, this method avoids issues associated with surfactant removal (such as reduced conductivity and mechanical integrity of the deposited film), and can be extended to stretchable substrates, making it useful for the development of flexible electronics.
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Results and Discussion
The PVF/CNT hybrids were fabricated through deposition of the PVF/CNT ink (obtained via gentle sonication) on solid substrates followed by solvent evaporation. Figure 1a illustrates this fabrication process schematically. For experimental details, see Supporting Information Section S1.2. The nanostructure of the hybrid can be manipulated by varying systematically the PVF/CNT mass ratio in the precursor ink before deposition. As this ratio decreases, the dominant species in the ink changes from free polymers, to PVF/CNT complexes, to non-functionalized
CNTs. This leads to morphological transitions in the deposited hybrids from a thick polymer film with buried nanotubes, to a porous CNT network with conformal polymer coating, to a CNT mat with little polymer exposed. Hereafter a hybrid containing X% PVF and Y% CNT (weight percent, The morphologies of the PVF/CNT hybrids with various compositions were investigated by high-resolution scanning electron microscopy (HR-SEM) and atomic force microscopy (AFM).
As evident from the HR-SEM images in Figure 2a , the diameters of the tubular entities decrease when the polymer weight percent is reduced from 97% to 80% to 33%. In PVF 97 /CNT 3 , the We also examined the surface chemical compositions of the PVF/CNT hybrids using X-ray photoelectron spectroscopy (XPS). Disruption of the sp 2 carbon surface by covalent modification can lead to an increase in the I D /I G ratio detected by Raman spectroscopy due to the generation of sp 3 defect sites. 35 Generation of additional defects during preparation of the hybrids was not observed in our case, however; as shown in the Raman spectra (Figure 6a) Table S2 ), since they usually provide higher capacitances than do neutral electrolytes. 44 The thickness of the active materials (i. values (~1000-3000 F/g) based on conducting polymers [10] [11] [12] and metal oxides 16, 19, 21, 22 are obtained in a three-electrode configuration, which can be subject to errors in the measurement of capacitance, in particular for pseudocapacitive systems. 45 A more complete list of the electrocapacitve performances of different pseudocapacitive materials is shown in Supporting Information Table S2 . Moreover, it can be seen from Table S2 that most high capacitance values are obtained at low operation rates (less than 1 A/g). Therefore, PVF 80 /CNT 20 exhibits the best combination of high capacitance and high operation rate (1450 F/g at 20 A/g) among currently available pseudocapacitive materials. We attribute this to its unique nanoscale architecture, in which a porous conductive CNT network is coated conformally with a thin, redox-active polymer layer. This architesture allows easy and efficient transport of both electrons and ions, which in turn affords fast redox reactions at high rates. Figure 7d shows the Ragone plot for PVF 80 /CNT 20 and the power and energy density ranges for common classes of energy storage devices. 47 It can be seen that the energy densities of the PVF 80 /CNT 20 -based device are comparable to those of batteries, while its power densities are maintained at values as high as those observed with conventional electrolytic capacitors. 47 The maximum energy density (128.9 Wh/kg), which is achieved at a reasonably high power density (16.6 kW/kg), represents the highest reported value among pseudocapacitive materials in aqueous electrolytes with a typical electrochemical window ~1V (Supporting Information Table S2 ).
Conclusion
We have developed a metallocene/carbon hybrid system that can be constructed by an economical, rapid, scalable, solution-based process for supercapacitor applications. The 
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We report a metallocene/carbon hybrid system amenable to solution processing, whose nanostructure and electrochemical properties can be adjusted through manipulation of the ink composition. The hybrid with optimal perforamnce exhibits remarkable synergistic effects and unusually high capacitive energy storage capabilites. 
